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Granular materials undergo particle crushing under the long-term load, which changes
the particle size distribution (PSD) of the material, and then affects its mechanical
properties, so the problem of its long-term stability issues is outstanding. Previous
research indicated that the crushing characteristics of coral sand particles have an
effect on the creep under constant load. In order to reveal the response law of particle
crushing over time during the creep process of coral sand, a series of one-dimensional
confined compression tests under different stresses were carried out on coral sand
taken from an area near an island and reef in the South China Sea. Creep behavior,
particle fractal behavior, and particle crushing evolution during the creep process of coral
sand were studied. The test results show that the creep of coral sand under different
stress conditions exhibits significant non-linear decay creep characteristics. The power
function can be used to mathematically describe the strain–time curve of coral sand.
Coral sands with different initial distributions show more stringent self-similarity under
the normal stress levels, and their fractal behavior was in the development stage. At
higher stress levels, they show good self-similarity and significant fractal behavior. Under
the same stress conditions, the crushing amount and fractal dimension of coral sand
are larger than that of quartz sand. The process before the coral sand creep reaches
stability was closely related to the amount of particle crushing. The particle crushing PSD
development has a fractal trend and can be described by a gradually increasing fractal
dimension and the relative particle crushing rate also shows a non-linear attenuation
characteristic with time.

Keywords: coral sand, creep, particle crushing, fractal behavior, evolution law

INTRODUCTION

Coral sand usually refers to a special geotechnical medium rich in calcium carbonate or other
insoluble carbonates (debris of marine organisms that are deposited in situ or deposited near
site), the mineral component is mainly calcium carbonate. It is often used as an ideal material
for island reef reclamation and a natural foundation material in the construction of offshore
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infrastructure (Hassanlourad et al., 2008). Compared with
general terrestrial and marine sediments, coral sand has special
properties such as high porosity (rich in internal pores), irregular
shape, low particle strength and easy to break, and easy
cementation of particles, which makes its engineering mechanical
characteristics have obvious differences (Zhang et al., 2005;
Zhao et al., 2017a, 2019a). At present, a great deal of research
work has been carried out on its macro and micro structural
characteristics (Jang et al., 2017), static properties (Zhang et al.,
2009), and mechanical behavior under explosion impact load
(Xu et al., 2012; Zhao et al., 2017b), and fruitful research
results have been obtained. During the actual construction of
the island and reef project, under the long-term effect of the
additional stress of the structure, the process of the foundation
settlement deformation increasing with time was regarded as
creep, which will bring serious problems to the use of the
structure. Therefore, controlling the medium and long-term
settlement and deformation of the foundation was one of the
key issues to ensure the long-term stability and sustainable
development of island and reef projects (Coop and Lee, 1993).
In recent years, on the basis of fractures during the rheology
of the rock (Zhao et al., 2016, 2017c, 2019b), more and more
scholars have studied the creep of sand, which shows that the
process of creep was often accompanied by particle crushing.
Ye et al. (2019) carried out triaxial creep tests under different
confining pressures on South China Sea coral sands with different
dry densities, and found that the volume change trend during
creep depends on whether the volume shrinkage was completed
during the loading stage before creep occurs. Karimpour and
Lade (2013) conducted triaxial creep tests on Virginia sand
under different confining pressures. The results showed that
the creep of sand under low confining pressure was mainly
due to the reorganization and slip of the particles, while the
creep of sand was difficult to stabilize under high confining
pressure, and the sand particles were crushed during the creep
process. Lv et al. (2017) pointed out that during the triaxial shear
creep process, quartz sand exhibited dilatancy characteristics,
while coral sand always exhibited shear shrinkage characteristics,
and the main reason for the large creep deformation of coral
sand was that the edges and corners of irregular particles were
intertwined with each other, and the grinding and fracture in
the particle crushing characteristics occur under continuous
stress (fracture occurs under high stress). Lade et al. (2010)
aimed at the time effect of broken coral sand deformation,
and it was proposed that particle crushing can reshape the
structure. The effects of particle crushing on the stress relaxation
of coral sand rheological properties under different confining
pressures, initial deviator stresses, and strain rates were studied.
However, the development process of particle crushing state
during creep and the influence of relative crushing rate on creep
are not considered.

In view of the particle crushing characteristics of materials,
classical soil mechanics theory believes that soil particles cannot
be compressed and crushed, and its deformation is due to
the discharge of gas and liquid from the soil pores and the
movement and reorganization of particles (Zhang et al., 2003).
In fact, during the medium- and long-term creep process of

the soil, the particles will be partially or wholly crushed under
the long-term stress. The granular crushing characteristics of
different granular materials are significantly different. Previous
data show that quartz sand usually crush under the stress
of about 12.8 MPa, while coral sand will break up under
the constant stress level (Wang et al., 1997). Particle size
distribution (PSD) before and after particle crushing plays an
important role in the study of quantitative particle crushing.
Domestic and foreign scholars have studied the evolution of
PSD during the crushing process and proposed different particle
crushing indicators to measure the overall crushing degree of
the sample (Lee and Farhoomand, 1967; Marsal, 1973; Hardin,
1985; Shen, 1985). Hardin (1985) assumes that particles do
not continue to break after they had broken to 0.074 mm
and that all particles had broken to 0.074 mm at the end of
crushing. The value 0.074 was regarded as the limit particle
size, and the relative particle crushing index Br was widely
accepted. Wang et al. (2019) developed a triaxial drainage
cycle shear tester for coral sand and found that the calcareous
sand produced few particles during the consolidation process.
However, significant particle crushing was generated under
the subsequent cyclic shear and described by Hardin’s relative
particle crushing index. Karimpour and Lade (2013) introduced
the relative particle breakage index Br defined by Hardin to
quantify the degree of particle crushing after calcareous sand
creep and found that there was a linear positive correlation
between the energy input and the relative particle crushing
index, but no research has been done on the evolutionary
law of particle crushing during creep and its effect on creep.
At present, a large number of experiments showed that the
granular material will tend to have fractal distribution after
crushing, and reach the limit fractal distribution when the
crushing rate was large enough (Sammis et al., 1987; Luzzanil
and Coop, 2002; Coop et al., 2004). On this basis, Einav
(2007) revised the final fractal distribution model of the PSD
to a particle size fractal distribution model and redefined the
relative particle crushing rate, which was more in line with
the actual particle crushing situation. However, there were
few studies on the dynamic evolution and fractal behavior
of PSD during particle crushing. Zhang et al. (2015) studied
the fractal behavior of quartz sand by confined compression
test under high pressure stress and found that with the
development of particle crushing, quartz sand with different
initial distributions and particle sizes tended to have self-similar
fractal distribution. Coop et al. (2004) performed a ring shear
test on calcareous sand with a single particle size group, and the
results showed that the gradation curve would tend to be stable at
high strain levels.

In the course of continuous particle crushing of any
initially uniformly distributed granular soil, there is a process
that tends to the limit fractal distribution. The evolutionary
law of particle fragmentation during the creep process is
a concentrated reflection of the complexity of the particle
fragmentation process. The study of the creep process of coral
sand particles of a single particle size group is the basis for
the study of the creep of multi-particle group coral sand
(Tong et al., 2015). At present, domestic and foreign researches
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on particle crushing mainly focus on the factors that affect
particle crushing. The development degree of particle crushing
increases significantly with the increase in stress level, so most
of the time, effects of particle crushing under low and medium
stress are ignored. The study of particle fragmentation needs
to consider the following three key issues as the following:
how to use a simple and reasonable variable to represent the
change in material gradation to describe the degree of particle
fragmentation, and then introduce it into the strength criterion
and the constitutive model; how to describe the evolution law
of particle fragmentation; how to use the broken variables
affecting the mechanical properties of materials. Therefore,
in this manuscript, for one-dimensional creep and confined
compression tests of coral sands of different single particle
size groups at different end times, the evolution and fractal
behavior of PSD distribution of coral sand particles at constant
stress and different creep times were analyzed. The creep
characteristics and fractal behavior of PSD under different
stress levels had been analyzed, and it was found that fractal
dimension was introduced to represent the change in coral
sand gradation to describe the degree of particle fragmentation.
The relative particle fragmentation rate after perfection of
fractal theory was used to describe the particle fragmentation
evolution law and to reveal the impact of particle fragmentation
development on creep.

MATERIALS AND TEST METHODS

Basic Characteristics of the Sample
The test coral sand sample was taken from an island reef
in the South China Sea. It was a loose, uncemented coral
debris marine sediment, which was off-white in color with
pink impurities. The composition of the sand sample was
analyzed by D/MAX-2500/PC X-ray polycrystalline powder
diffractometer made in Japan, and it was found that calcium
carbonate content of the sample up to 96.51%. According
to the requirements of sample size and particle size in the
geotechnical test specification, particles with a particle size
larger than 5 mm are excluded. After the initial screening,
500 g of sand samples were washed with water and desalted,
and then dried in an oven at 105◦C for 24 h. After
cooling, they were sieved with a geotechnical standard sieve,
and the mass of each particle size group was retained
(shown in Figure 1). Affected by biological genesis, coral
sand particles are mainly composed of biological fossils such
as shells and coral debris, and have a variety of shapes,
including lumps, flakes, branches, and cones are common.
In many cases, their thickness is small compared with the
other two dimensions, so it is necessary to consider the
effect of the shape of the particles on the test results
during the test. Therefore, when selecting samples, large-
scale irregular coral sand larger than 2.0 mm was eliminated,
and more regular particles were left as far as possible to
facilitate standard sieve screening. The sand particles were
controlled in a smaller particle size range to perform the
test to reduce the effect of sample preparation errors. Before

FIGURE 1 | Particle size distribution of sample.

TABLE 1 | Basic physical parameters of sample.

emin emax Gs d10/mm d30/mm d60/mm Cu Cc

0.78 1.14 2.77 0.14 0.24 0.36 2.79 1.14

the test, the basic physical parameters of the coral sand
samples were measured as shown in Table 1. D10, d30,
and d60 are effective particle size, continuous particle size,
and limited particle size, respectively. The maximum and
minimum porosity ratios are 1.14 and 0.78, the specific gravity
is 2.77, the curvature coefficient of the sample satisfies the
condition Cc = 1–3, but does not meet the condition of
the non-uniformity coefficient Cu > 5, so it is a poorly
graded medium sand.

Test Methods
This experiment studies the dynamic development of particle
crushing during the one-dimensional creep of coral sand and
the effect of particle crushing on creep. There were four groups
of single-grained coral sand with main particle sizes of 0.25–
0.5 mm, 0.5–1.0 mm, 1.0–2.0 mm, and 2.0–5.0 mm. The first
three groups of single-grained coral sand were subjected to
confined compression test and one-dimensional compression
creep test, and 2.0–5.0 mm of coral sand was subjected to
confined compression test. At present, most of the existing
studies on coral sands focus on the transient behavior of particles,
and the research on the effect of particle fragmentation on
long-term mechanical behavior of materials was relatively rare.
In combination with previous research (Chen et al., 2019), it
was found that the breakage of coral sand particles under a
constant stress level has a certain timeliness, but the timeliness
gradually weakens with increasing stress. Therefore, based on
this, the time effect of particle breakage development and the
effect of particle breakage on the long-term mechanical behavior
of materials during the creep process under low stress level
(less than 4 MPa) were studied. The Instrument of Soil tests
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were used in the production of a single-lever-type WG high-
pressure consolidation triple meter, with a maximum axial stress
of 4,000 kPa, using the weight loading, a sample size of 61.8 mm
diameter, high 20 mm. During the sample preparation, coral sand
of the same quality was weighed each time when making the
sand specimen. The falling sand method was used to maintain
a constant falling distance through the funnel: Inject the coral
sand into the container of the consolidation instrument twice,
and compact the coral sand to a predetermined height with
a stick to ensure the uniformity and consistency of the soil
sample. The 0.25–0.5 mm, 0.5–1.0 mm, and 1.0–2.0 mm coral
sands were loaded separately. The single particle size sample
was subjected to one-dimensional compression creep tests with
creep times of 2, 7, 14, 28, and 56 days under the loads of
50, 100, 200, 400, and 800 kPa, respectively. In this study, two
sets of tests were designed. Each set of five parallel samples
was tested to ensure the consistency and repeatability of the
samples through creep deformation. Two groups started to creep
at the same time, and one group carefully took samples for
particle analysis to obtain PSD curves after the end of each
creep time node. Cao and Ye (2019) conducted triaxial creep
tests on calcareous sand under different confining pressures
and found that under constant stress less than its breaking
strength, attenuated creep of saturated calcareous sand, the
deformation increased with time. However, the deformation
rate continues to decrease until the deformation is stable,
conforming to the classic Mesri creep model and eventually
converging. As for the creep stability standards, there is no
specification for it. According to the test situation and combined
with Ye et al. (2019) to carry out a triaxial creep test on
calcareous sand. In this manuscript, the stability criterion is
set to observe that the axial deformation of the sample is
less than 0.005 mm for five consecutive days, and the creep
deformation is considered to be stable. After stress loading,
the axial deformation was recorded in the order of 6 s,
1 min, 5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 4 h,
8 h, 12 h, and 24 h. After 24 h, it was changed to regular
recording every day. Avoid fractal behavior that is too weak
under normal stress. A confined compression test with a creep
duration of 56 days under high stress was carried out on
2.0–5.0 mm coral sand. The most significant manifestation
of particle crushing is the change in the PSD curve before

and after the test. At present, there is no method to measure
the PSD of the sample during the creep process, so after the
confined compression test at different creep times of creep was
completed in this study, the sample was carefully taken out
for sieving for particle size analysis, and the PSD curve was
drawn. In this study, a total of 160 specimens were tested
for creep and standard sieved for particle size analysis, which
took about 200 days. The specific test-loading scheme is shown
in Table 2, and the coral sand samples of each group are
shown in Figure 2.

Particle Crushing Fractal Model
PSD Fractal Model
Under load, particles of granular materials will crush and
change the PSD, which will affect its mechanical properties,
including quartz sand, slag, and glass balls. Experimental
evidence shows that with increasing particle crushing, any
initially distributed particles will tend to have a self-similar
fractal distribution (Hagerty et al., 1993). Mandelbrot (1982)
believes that granular materials in nature will not continue
to be destroyed indefinitely and will eventually reach the
limit distribution and maintain the same scale. Turcotte’s
(1986) research on the concept of meteorite particle discovery
fractal provides a method to quantify the process of scale
invariance. The PSD fractal relationship is defined by the
relationship between the cumulative number of soil particles and
particle size:

N(r > R) ∼=
C∗

D
R−D (1)

In the formula, r is a scale describing the particle size, and N
(r > R) is the number of particles with a particle size larger than R;
D is the fractal dimension describing the fractal behavior, and the

TABLE 2 | Test plan for the coral sand.

Size/mm Stress level/kPa

0.25∼0.5 50 100 200 400 800

0.5∼1 50 100 200 400 800

1∼2 50 100 200 400 800

2∼5 800 1600 2400 3200 4000

FIGURE 2 | (A–C) Selected more obvious SEM images of coral sand.
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range is 0–3; C∗ is a coefficient that takes into account the volume
increase of the particles and is related to the fractal dimension D.

In the PSD analysis of most granular crushed materials,
the formula cannot be directly applied because the number
of particles with a specific particle size and the size of the
particle size cannot be directly obtained through experiments
(Tyler and Wheatcraft, 1992). At present, the PSD obtained
after the granular rock and soil material is crushed is usually
sieved. Within the range of particle sizes examined, the
pore size is divided into sieving layers. When described,
it is expressed as the mass of particles with different size
intervals in a certain size range (Yang et al., 1993). If we
ignore the differences in the relative density and shape of
the soil grains between the grain sizes, after integrating and
normalizing the particle size of an interval, Tyler and Wheatcraft
(1992) proposed a PSD fractal model represented by the
relationship between the cumulative mass of soil particles and
particle size:

M(r < di)

MT
=

(
di

dM

)α

(2)

In the formula, r represents the size of the selected particle
size, M (r < di) represents the cumulative mass of particles
smaller than di (consistent with the commonly used PSD
curve), MT is the total mass of the particles, and di is the
sieve aperture of the i-th layer. Assume the minimum and
maximum particle diameters of the soil particles to be dm and
dM , α = 3−D, where D is the fractal dimension, and the value
range is 0–3.

The fractal model represented by formula (2) has been widely
used in PSD of rock and soil. Formally, the result of formula
(2) is the same as that of formula (1), but analysis shows
that formula (2) has strict self-similarity fractal behavior, and a
particle density range is assumed in the formula, which is more
reasonable for many uniformly distributed granular materials.
In a given particle size range dm–dM , PSD curves at semi-
logarithmic and double-logarithmic coordinates according to
different fractal dimensions are drawn, as shown in Figure 3.
It can be seen that the strictly self-similar PSD curve is a
cluster of concave curves on the semi-logarithmic axis and a
cluster of straight lines on the double-log axis. As the particle
crushing intensifies, the D value continues to increase. In this
study, formula (1) is used to describe the fractal behavior
of PSD during the creep of coral sand, and the ultimate
limit PSD curve of particle crushing is represented by a PSD
fractal model considering the fractal dimension. When most
granular materials are broken and stable, their fractal dimension
is between 2.0 and 2.8, and the degree of particle crushing
increases as the fractal dimension increases (Steacy and Sammis,
1991): The final fractal dimension of fault mud is 2.6 ± 0.15
(Marone and Scholz, 1989), the fractal dimension of quartz
sand is 2.2–2.5 (Lu et al., 2003), and Zhang Jiru measured
the fractal dimension of the Yangtze River gravel to be 2.4
(Zhang et al., 2015).

FIGURE 3 | PSD fractal curve.

FIGURE 4 | Definition of breakage factors.

Relative Particle Crushing Ratio
The granular material changes the PSD of the initial particles
under the load, and the gradation curve changes before and
after crushing. In order to quantify the degree of particle
crushing, scholars at home and abroad have carried out a lot of
research and usually describe it quantitatively as the change of
a characteristic particle size before and after crushing in PSD.
Lee and Farhoomand (1967) defined B15 as the ratio of the
characteristic particle diameter d15 before and after crushing.
Lade et al. (1996) defined B10 as the difference between the
ratio of 1 and the effective particle size d10 before and after
the particle was crushed. The Chinese Academy of Water
Resources and Hydropower Sciences (Shen, 1985) selected the
difference between the characteristic particle size d60 before
and after crushing to define B60. Marsal (1973) defined the
sum of the absolute values of the differences in the content
of each grain group before and after crushing as Bg . Although
the above particle crushing metrics are simple and easy to
calculate, B10, B15, and B60 only measure the overall crushing
degree based on the changes before and after the crushing of
a single characteristic particle size; metrics are discontinuous
and poorly integrated. Although Bg includes the changes before
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FIGURE 5 | Axial strain-time relationship curves of coral sand with different particle sizes. (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C)
particle sizes of 1.0–2.0 mm.

and after the destruction of each grain group, the sum is not
enough to reflect the actual changes of each grain group, so
this kind of crushing index is not universal. Hardin (1985)
assumes that the particles do not continue to break after they
are broken to 0.074 mm and that all particles are broken
to 0.074 mm at the end of the break. Considering 0.074
mm as the ultimate particle size of the particles after broken
the crushing potential Bp and the total crushing amount are
defined as Bt , which proposed the relative particle crushing
rate Br to measure the degree of particle crushing. However,
some experimental studies have shown that the actual particle
crushing process does not continue to crush continuously, and
fractal distribution often occurs, showing strict self-similarity
(Sammis et al., 1987). Einav (2007) modified the limit distribution
at the end of particle crushing based on the PSD fractal
model proposed by Tyler and Wheatcraft (1992) into a fractal
distribution Fu(d) = (d/dM)α, where α = 3−D, and D is
the fractal dimension; The definition of broken potential was
changed, and an improved form of Hardin’s indicator was
proposed. The definition of the two indicators was compared

as shown in Figure 4. In this paper, the Einav index, which
is more in line with actual conditions, is used to describe
the amount of particle crushing that affects creep deformation
during the coral sand creep process, and the response of the
two indexes to the fractal behavior and creep state of PSD over
time is compared.

RESULTS AND DISCUSSION

Creep Characteristics
Figure 5 is an axial strain–time curve chart of three groups of
single particle size coral sand of 0.25–0.5 mm, 0.5–1.0 mm, and
1.0–2.0 mm. Because this test uses separate loading, the moment
when vertical stress is added can be regarded as instantaneous
loading. When the test results are processed, the time of the first
creep deformation data point is recorded as 0.1 s, and the axial
strain is the total strain, including the initial strain and creep
strain. Three types of sand samples of single particle size are
prepared after drying and are filled to a predetermined height by
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the falling sand method to ensure that each sample is filled with a
container. Because the larger particles of irregular shape, resulting
in different sample mass in each group can be considered a
different single dry density of samples with sand, particle sizes of
0.25–0.5 mm, respectively, set a dry density of 1.244 g/cm3, 0.5–
1.0 mm. The dry density of the particle size group is 1.158 g/cm3,
and the dry density of the particle size group of 1.0–2.0 mm is
1.145 g/cm3. It can be seen from Figure 5 that under different
stresses, the coral sands with different gradations have undergone
significant deformation with time, which is creep. The shape of
the curve of the creep deformation over time under different
stresses in each particle size group is basically similar, and it has
obvious stages. Both have experienced a rapid deformation stage
and a stable creep deformation stage.

The axial logarithmic strain–time curves of the coral sand
creep of different single particle size groups are shown in
Figure 6 after using the double logarithmic axis. Under
different stress conditions, the strain–time curves of coral sand
of each particle size group show good linearity, and as the
stress increases, the linear correlation is higher, indicating
that the strain–time curve of coral sand under higher stress
is better described by a power function. On the other
hand, with the increase in the particle size, the strain–time

curves of the same particle size group under different stress
conditions tend to be parallel, indicating that the coefficient
(the slope of the straight line) affecting the description
of the creep function has a weak correlation with the
magnitude of the stress.

It can be seen from Figures 5, 6 that the strain time
curves under different stress levels of each particle size group
show significant non-linear decay creep characteristics. On
the one hand, the time required for the creep of the coral
sand single particle size sample to stabilize is related to the
test stress. When the vertical stress is increased, the longer
it takes to reach creep stability. On the other hand, there
are differences between different particle size groups under
the same stress. Taking the stress of 800 kPa as an example,
it takes 35 days for the creep of the 0.25–0.5 mm particle
size group to stabilize, 28 days for the 0.5–1.0 mm particle
size group, and 26 days for the 1.0–2.0 mm particle size
group. The creep stabilization time was different between
different particle size groups. The creep stabilization time of
the small particle size group under the same stress level
was longer than that of the large particle size. The reason
was that the space for small particles of sand samples to
rotate and grind between the sand particles during the creep

FIGURE 6 | Creep curve in logarithmic coordinates. (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of 1.0–2.0 mm.
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FIGURE 7 | Evolution of coral sand PSD (semi-logarithmic axes). (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of
1.0–2.0 mm.

deformation stage becomes smaller, and the frictional resistance
of the relative slip between the particles also becomes relatively
larger. As a result, the rate of relative slip between particles
was also small, so the sample takes longer to reach the
steady state of creep.

PSD Fractal Behavior During Creep
Studies have shown that granular rock and soil materials
undergo particle crushing under sustained stress. The PSD of the
particles after crushing tends to be fractal, which is positively
correlated with the increase in stress level. Taking a sample
of 56 days in the creep test performed as an example, the
PSD curves of each particle size group after being crushed
under different vertical stress levels are plotted as shown in
Figure 7. It can be found in Figure 7 that the coral sands
with different initial particle sizes have a small amount of
fine particles produced under continuous load under normal
stress. On the one hand, as the stress level increases, the
degree of particle crushing intensifies, and it gradually becomes
fractal. On the other hand, under the combined effect of
stress level and creep time, the particle size of each particle
size group tends to have a self-similar fractal distribution.
A large number of fine particles are generated by particle

crushing, but in the end, some initial large particles were still
not completely crushed. This phenomenon can be explained
as during the crushing process, particles are continuously
recombined, filled, and ground. The contact points between
large particles and surrounding smaller particles increase,
and the force is transmitted from one particle to another
through the contact between particles. After visualization, it
appears as a chain-like structure, which is intuitively called
a force chain, so that large particles are buffered by force,
and their ability to resist crushing is enhanced. Therefore,
smaller particles are more likely to be broken first. Zhang
et al. (2017) found that among the many meso-characteristic
parameters, the force chain is a characteristic particle group,
which is between the particles and the unit body on a
scale, and it is also the main body for the load and force
transmission of granular materials, showing the same changing
characteristics as macroscopic stress and strain. Tsoungui et al.
(1999) observed this buffering effect through experiments and
numerical simulations, and found that while the large particles
were buffered, the small particles adjacent to them were
continuously crushed.

Figure 8 is the PSD curve represented by a double logarithmic
coordinate axis, and the self-similarity of PSD evolution can
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FIGURE 8 | Evolution of coral sand PSDs (double logarithmic axes). (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of
1.0–2.0 mm.

be found more clearly. By observing Figure 8, it is found that
between different particle size groups, as the range of PSD
increases, the shape of the PSD distribution is similar to that
shown in the semi-logarithmic axis, which is a cluster of concave
curves. Increasing stress levels, intensified crushing, increased
fine particles, and the concave curve tended to be gentle. It
can be seen that, under the action of different stress levels, the
fractal behavior of particle crushing is a gradual process. Only
when it is close to the limit stress does it show a significant
fractal behavior.

In order to understand the fractal behavior of particle crushing
during the coral sand creep process, a linear regression analysis
was performed on the PSD data obtained by sieving and
formula (2). The results are shown in Figure 9. The obtained
fractal dimension D and the corresponding fitting correlation
coefficient R2 are listed in Table 3. Comprehensive analysis
found that coral sand would break up under normal stress,
but the fractal characteristics were not obvious. The obtained
fractal dimension was smaller and significantly increased with
the increase in particle size and stress level, which is in the
development stage of fractal distribution. Each sample data is
linearly weak. The analysis has two reasons: on the one hand,

while coral sand is easily broken, a non-negligible fragmentation
occurs under conventional stress level. This characteristic just
shows that the crushing limit that coral sand can reach is
also larger, and it can produce a greater degree of crushing
than other granular materials under higher stress levels. On
the other hand, when drawing the PSD curve of the sieved
particles, due to the limitation of the test conditions, there is
failure to obtain the particle quality data of less than 0.074 mm,
resulting in data inconsistency and affecting the description
of the PSD curve. Although the fractal behavior is weak, we
can still use the increasing fractal dimension to describe the
development process of particle crushing. Because the coral
sand is broken in the process of particles, large particles are
broken to produce small particles, and the small particles are
reorganized and dispersed in the gaps between the large particles
and the interconnected spaces inside the particles. In addition,
the fractal dimension is an indicator of the filling degree
of fine particles.

Because of the lower stress level, the fractal characteristics of
coral sand particles are not obvious. So take the 2.0–5.0 mm
coral sand under the higher stress levels of 0.8, 1.6, 2.4, 3.2,
and 4.0 Mpa to carry out a 56-day confined compression
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FIGURE 9 | Linear fitting for lg[M(r < di)/MT] and lg(di/dM). (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of 1.0–2.0 mm.

TABLE 3 | Fractal dimension and regression coefficient for coral sand.

Stress level/kPa
0.25–0.5 mm 0.5–1.0 mm 1.0–2.0 mm

D R2 D R2 D R2

50 0.3917 0.8759 0.8990 0.8216 1.1650 0.8192

100 0.4836 0.8770 0.9791 0.8254 1.2484 0.8198

200 0.6269 0.8835 1.0700 0.8295 1.3189 0.8224

400 0.7066 0.9020 1.1112 0.8415 1.3664 0.8251

800 1.0083 0.9138 1.2506 0.8720 1.4149 0.8726

TABLE 4 | Fractal dimension comparison between coral sand and
silica sand (2–5 mm).

Stress level/MPa Coral sand Silica sand

D R2 D R2

0.8 1.165 0.9894 1.224 0.9353

1.6 1.248 0.9971 1.241 0.9667

2.4 1.390 0.9987 – –

3.2 1.512 0.9977 1.426 0.9797

4.0 1.634 0.9958 – –

test. The data will be processed as shown in Figure 10.
Comparing Figure 10 with Figures 7–9, it is found that the
fragile characteristics of coral sand have been further verified.

The particle crushing has increased significantly, the PSD curve
clusters have changed from bending to straight lines, and the
fractal characteristics are obvious at higher stress levels. Linear
correlation remarkably improved the fractal dimension value
when more close to the limits of particle crushing fractal
distribution. And compared with Zhang et al. (2015) on the data
of quartz sand fractal behavior research as shown in Table 4, it
was found that the PSD data of coral sand under normal stress
has a higher linear correlation, and the fractal behavior is more
significant than that of quartz sand. In addition, under the same
stress condition, the particle size of coral sand is higher than
that of quartz sand.

Particle Crushing Evolution During Creep
According to the above studies, coral sand has obvious fractal
behavior when particles are broken at higher stress levels, but the
fractal behavior is not obvious at low stress levels. Since the creep
test carried out by this research adopts a separate loading method,
the creep test under each stress level needs to be re-prepared
and loaded. Even if the same tester operates, the sand samples of
the same particle size group are strictly tested. The falling sand
method cannot theoretically be completely the same between
samples. This unavoidable factor may cause the test results to
have a certain degree of dispersion, which in turn may lead to
weak regularity of the test data. If the test data from different
times has good regularity and self-similar characteristics, it
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FIGURE 10 | Evolution of particle size distribution in coral sand under higher stress (2–5 mm). (A) Evolution of coral sand PSD (semi-logarithmic axes), (B) Evolution
of coral sand PSD (double logarithmic axes), and (C) Linear fitting for lg[M(r < di)/MT] and lg(di/dM).

means that the test results and conclusions of the multiple
experiments conducted have good credibility. In addition, to
investigate the particle crushing and PSD fractal behavior of coral
sand creep at different time points, the measured isochronous
curve between the relative particle breakage rate and the stress
level of each particle group is shown in Figure 11, and the
development law of the relative particle breakage rate of each
particle size group with time under different stress levels is shown
in Figure 12.

It can be seen in Figure 11 that, on the one hand, the
isochronous curves of the relative particle breakage rate and
stress level of each particle size group have good self-similar
characteristics, which shows that the PSD data of coral sand
after different creep times performed in this paper have good
reliability. On the other hand, the degree of particle breakage in
the sample creep of each particle size group at the same time is
similar to the change law of stress. The particle breakage process
gradually slows down, and the movement and reorganization
of the particles to form a force chain to resist crushing is
enhanced. Small particle size particle breakage mainly occurs
and develops in the early stage of creep. The latter stage
is stable and slow. The development of particle breakage is
affected by time. However, the effect of the stress level on

the development of particle breakage in the 56-day group of
large particle size particles is consistent, which indicates that
the large particle is in the accelerated particle crushing stage
in the stress level section selected in the test, and has not yet
been caused by slippage and friction, and crushing to produce
more fine particles to help cushion the stress levels. Todisco
et al. (2017) used pressure devices and high-speed cameras to
study the crushing behavior of individual particles, and found
that the material hardness was seen to be of key importance
in the crushing mechanism. It may affect the particle strength
through the deformation of the contacts, and an increase in
the number of contacts also induced an increase in particle
stress at failure. The small particle size group in this study
was precisely because of its small particle size, which leads
to an increase in the number of compression contacts and
continuous changes, and the particle failure stress increases
in a short period of time, so the late creep development was
stable and slow.

It can be seen in Figure 12 that the relative particle
breakage rate of each particle size group under different stress
levels shows attenuation characteristics with time. The smaller
the particle size, the more obvious it is, similar to the
creep deformation characteristics of coral sand. The effect
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FIGURE 11 | Relative particle breakage rate-stress isochrones. (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of 1.0–2.0
mm.

of change is approximately positively correlated. Coral sand’s
creep deformation and the degree of particle fragmentation
respond to time in a consistent manner and have a positive
correlation with the stress level. In order to investigate the
state of particle fragmentation during the creep process of coral
sand samples after 2 days of consolidation, taking the 1.0–
2.0 mm coral sand sample as an example, the relative particle
breakage rate calculated under each stress level is shown in
Table 5. It can be seen in Table 5 that under the constant stress
level, the crushing of coral sand particles has a certain time
validity. The relative value indicates that the development of
particle crushing during the creep process after consolidation
is completed. It can be seen that the particle breakage during
the creep process cannot be ignored and occupies a large
proportion in the entire deformation process, but as the stress
continues to increase, the time validity of the breakage of
the coral sand particles gradually decreases. For example, at a
stress level of 50 kPa, the proportion of particle fragmentation
during creep during the entire deformation process is as high
as 52.31%, and when the stress level is increased to 800 kPa,
the proportion of particle breakage during the creep process

is reduced but still accounts for 28.42%. It can be seen
that under the continuous action of lower stress, the particle
position adjustment and time-dependent fatigue fracture of
small-sized particles in the breakage state of the particles are
more than the large-sized particles, so the creep time-validity
effect of small particle samples is stronger than that of large
particle samples.

Taking the coral sand of each particle size group under the
800-kPa stress level as an example, the relative fragmentation
rates and fractal dimensions obtained at different compression
periods are shown in Table 6. It can be seen in Table 6 that during
the creep process, the relative fragmentation rate continues
to increase with time, the degree of particle fragmentation
intensifies, and particle fragmentation tends to develop into a
fractal distribution, but the fractal behavior is weak and has not
yet reached the limit distribution state. Under the constant stress
level, large particles have high edge angles, irregular shapes, and
particles are more fragmented than small particles. Therefore,
the relative fragmentation rate of the index, which describes the
degree of fragmentation of the large-size coral sand particles,
and the fractal dimension of the index, which describes the
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FIGURE 12 | Effect of time on particle breakage. (A) Particle sizes of 0.25–0.5 mm, (B) particle sizes of 0.5–1.0 mm, and (C) particle sizes of 1.0–2.0 mm.

TABLE 5 | Relative particle fragmentation rate in coral sand test (1–2 mm).

Test type Standard consolidation test Relative
particle breakage of coral sand at

various stress levels/%

50 kPa 100 kPa 200 kPa 400 kPa 800 kPa

Standard consolidation test
(2 days)

1.34 1.57 2.01 2.52 4.03

Creep test (56 days) 2.81 3.17 3.88 4.64 5.63

Relative value/% 52.31 50.47 48.20 45.69 28.42

Relative value = (creep test Br−consolidation test Br)/creep test Br.

degree of fractal are larger than those values of the small-
size coral sand.

CONCLUSION

Aiming at the fractal behavior of particle breakage during
the mid-to-long-term settlement deformation of coral island
foundations in marine islands and reefs, a series of different
initial graded coral sand creep tests and confined compression
tests at conventional stress levels were carried out to study PSD
fractal behavior after particle crushing during creep and the

TABLE 6 | Relative particle breakage rate and Fractal dimension at the stress
level of 800 kpa.

Time/d 0.25–0.5 mm 0.5–1.0 mm 1.0–2.0 mm

Br/% D Br/% D Br/% D

2 1.28 0.920 1.37 1.164 4.03 1.335

7 1.89 0.927 2.85 1.172 4.51 1.368

14 2.48 0.939 3.85 1.185 5.14 1.395

28 3.25 0.952 4.12 1.201 5.43 1.408

56 3.44 0.981 4.51 1.237 5.63 1.415

effect of particle crushing on creep behavior. There are three
main conclusions:

(1) Coral sand has obvious deformation aging under long-
term load and exhibits significant non-linear decay creep
characteristics. It has experienced rapid deformation and
stable creep deformation. The strain–time curve can be
described by a power function. With the increase in stress
level, the creep of coral sand mainly develops from friction
slip between particles to particle breakage.

(2) Coral sand of different grades tends to have self-
similar fractal distribution under different stress levels. The
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development speed is related to the amount of broken
particles, which can be described by gradually increasing
fractal dimensions. Coral sand has a considerable amount
of particle crushing under low stress levels, but the fractal
characteristics are weak, but as long as the stress levels
are high (relative to non-fragile materials), significant
fractals can be observed The comparison of behavior with
quartz sand further indicates that fragile coral sand has a
remarkable fractal behavior under conventional stress.

(3) The isochronous curves of the relative particle breakage
rate and stress level of different grades of coral sand have
good self-similar characteristics. The particle breakage of
the small particle size group mainly occurs and develops
in the early stage of creep, and the development is stable
and slow in the later stage. The effect of particle stress
level of the large particle size group on the development
of particle breakage is consistent. The change in relative
particle breakage rate with time and the change in creep
deformation with time show attenuation characteristics.
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